At present, the mechanical testing on the ductility of cement sheath is faced with multiple technical difficulties. In this paper, numerical simulation and laboratory evaluation were adopted to compare the mechanical performance of typical elastic, flexible, ductile and neat cement systems at home and abroad by different loading rates, value range of stressestrain curve, confining pressure and temperature. It is shown that when the loading rate is lower, the stressestrain curve of set cement is not smooth, but distorted, and the stress cannot be responded in time; that when the loading rate is higher, the stressestrain curve of set cement is smooth, and the yield stage is remarkable, indicating that higher loading rate can reflect the yield strain behavior of set cement more truly; that the recommended Young's modulus range of set cement should be changed based on the actual downhole conditions; that temperature has more effect on yield stress and ultimate strain, but less effect on elastic modulus; that confining pressure has more effect on ultimate stress and ultimate strain, but less effect on elastic modulus; and that when the confining pressure is lower and temperature is higher, the yield stage of set cement is more remarkable. It is concluded that these mechanical behaviors of cement system in different conditions provide a technical support for understanding the mechanical essence of downhole cement sheath and exploring the mechanical integrity of cement sheath and even that of the whole wellbore. Some high-temperature deep wells in the Kela 2 gasfield of the Tarim Basin and Luojiazhai and Anyue gasfields of the Sichuan Basin have various abnormal pressures in annulus, impairing their high and stable production. Among the sustained casing pressure issues in sulfur-containing gas wells caused by cement sheath quality, the corrosion of acid media to cement sheath is just a secondary factor, while mechanical damage of cement sheath during engineering operation is the major factor causing gas channeling through cement sheath [1e6].
Some high-temperature deep wells in the Kela 2 gasfield of the Tarim Basin and Luojiazhai and Anyue gasfields of the Sichuan Basin have various abnormal pressures in annulus, impairing their high and stable production. Among the sustained casing pressure issues in sulfur-containing gas wells caused by cement sheath quality, the corrosion of acid media to cement sheath is just a secondary factor, while mechanical damage of cement sheath during engineering operation is the major factor causing gas channeling through cement sheath [1e6] .
In fact, the sealing of cement sheath under varying wellbore pressure over a long period (for example, before and after pressure test, continuous drilling, shut-in and production) is involved in the development process of each oil and gas well. In this circumstance, the concept of ductile cement is advanced. Keeping the cement sheath in good ductility can give the cement sheath better elastic transformation behavior under the extrusion of casing and the compression of formation, and thus the micro-annulus won't occur at the contact of cement sheath under all kinds of mechanical effects, prolonging the long term sealing capacity of cement sheath, which is of great significance to the wellbore safety and the prolonging of oil and gas well life cycle. Ductile cement system is a mainstream direction of cementing development in the future, but elasticity property evaluation method and standard of ductile cement haven't established yet in the world, and the mechanical essence of cement sheath downhole hasn't been understood objectively and realistically, so it is necessary to investigate the mechanical behaviors of oil well cement under different conditions [7e11] .
Since there are some technical problems in the mechanical performance test of cement sheath under downhole conditions, numerical simulation and lab evaluation were adopted in this study to find out the mechanical performance of typical elastic, flexible, ductile and neat cement systems (cement system in use in oil and gas fields in the SichuaneChongqing region) under different loading speeds, different value ranges of stressestrain curve, and different confining pressures and temperatures, to provide an important reference for recognizing the mechanical essence of cement sheath downhole and provide a technical support for research on the integrity of the cement sheath and even the whole wellbore [12e16].
Mechanical performance of set cement under different conditions
Cement slurry was prepared and set cement was cured according to the oil well cement test method stipulated in GB 19139-2012. The mechanical performance of neat cement, foreign elastic cement, domestic ductile cement and flexible self-stressing cement were tested.
Cement slurry test devices used in the experiment included a Waring mixer, an atmospheric thickener, an HTHP filtration instrument and a double-reactor HTHP thickener made in China. The instrument used in the set cement triaxial stress test was GCTS-RTR-1000 rock mechanics system imported from the U.S.A.
Effect of different loading rates on the mechanical performance of set cement
Mechanical loading rate is one of the major factors affecting cement sheath in operations after cementation. In lab testing, keeping the loading rate in the triaxial stress test device consistent with the actual loading rate of cement sheath under some working conditions can reflect the actual state of cement sheath more truly.
The loading rate under pressure test condition calculated by the analysis software for formation casing cement sheath programmed by the Engineering Research Institute of PetroChina Southwest Oilfield Company (Software Registration No. 0910640) was 1.6 kN/min. The stressestrain curves of foreign elastic cement (Fig. 1-a) , domestic ductile cement (Fig. 1-b) and flexible self-stressing cement (Fig. 1-c) at the loading rates of 0.5 kN/min, 1.6 kN/min and 5 kN/min (curing conditions: 119 C Â 20.7 MPa Â 7 d, density: 2.10 g/cm 3 ) were tested.
It can be seen from Figs. 1e3 directly that under different loading rates, the stressestrain curves of domestic ductile cement almost coincide (Fig. 3) , indicating that loading rate has little effect on the mechanical performance of this cement system; that under lower loading rates, the stressestrain curves of the three kinds of set cement distort to some extent and are not smooth, indicating no in-time response to the stress; and that under higher loading rates, the stressestrain curves of the three kinds of set cement are smooth and have a distinctive yield stage, indicating that higher loading rates can reflect the yield strain of set cement more truly.
Effect of different stressestrain value ranges on Young's modulus of set cement
As the value range of stressestrain curve varies, the Young's modulus of set cement varies. How to regulate the value range of stressestrain curve to get the true and unique Young's modulus is a key issue in evaluating the elastic performance of set cement. The value ranges of Young's modulus of neat cement (curing condition: 119 C Â 20.7 MPa Â 7 d, density: 1.90 g/cm 3 ) and foreign elastic cement were compared through experiment, and the value ranges of neat cement Young's modulus were taken as the reference standard. Fig. 2 shows the stressestrain curves of three parallel samples of foreign elastic cement, and Fig. 3 show the stressestrain curves of two parallel samples of neat cement.
It can be seen from Figs. 2 and 3 that all samples have short elastic sections. With the increase of pressure, the plastic deformation accelerates. Stressestrain curves of all samples show an obvious creeping feature. Table 1 shows the elastic Fig. 1 . Effect of loading rates on cement sheath mechanical performance.
